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Analytical ultracentrifugationLegume root nodule glutamine synthetase (GS) catalyzes the assimilation of ammonia produced by
nitrogen ﬁxation. Two GS isoform subtypes (GS1b and GS1c) are present in soybean nodules. GS1c
isoforms differ from GS1b isoforms in terms of their susceptibility to reversible inhibition by
intersubunit disulﬁde bond formation between C159 and C92 at the shared active site at subunit
interfaces. Although nodule GS enzymes share 86% amino acid sequence identity, analytical ultra-
centrifugation experiments showed that GS1c is a dodecamer, whereas the GS1b is a decamer. It is
proposed that this difference contributes to the differential thiol sensitivity of each isoform, and
that GS1c1 may be a target of thiol-based regulation.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Glutamine synthetase (GS) (EC 6.3.1.2) catalyzes the formation
of glutamine from glutamate and ammonia using ATP as an energy
source, and is a critical enzyme for the assimilation of environmen-
tal and metabolic sources of ammonia [1]. In plants, GS is encoded
as a multigene family with two major isoform classes that are dis-
tinguished by their subcellular location, with GS1 found in the
cytosol, while GS2 resides in plastids [1,2]. Cytosolic GS1 in legumes
are encoded by a small, highly conserved gene family with three
GS1 isoform classes (designated a, b and c) [2,3]. With respect to
nitrogen-ﬁxing soybean root nodules, transcriptional regulation
of GS1 isoforms has been observed during nodule development
and in response to developmental and metabolic cues [4,5]. The
GS1b isoforms exhibits a broad expression pattern in soybean tis-
sues, but shows particularly high expression in mature nitrogen
ﬁxing nodules, and is inducible by high levels of ammonia. In con-
trast, the GS1c isoforms are selectively expressed as nodulin pro-
teins in a developmentally regulated fashion during soybean
nodule formation. Expression of the GS1 isoforms during soybean
nodule development coincide with the onset of nitrogen ﬁxation[4], consistent with their role as the major enzyme responsible
for the ATP-dependent assimilation of ﬁxed ammonia which is
released from nitrogen-ﬁxing bacteroids into the plant host
cytosol.
The reason for the diversity of cytosolic GS isoforms in nitrogen-
ﬁxing nodules, and the potential metabolic function and regulation
of each, is not clear. In the present study, it is shown that GS1c iso-
forms from soybean nodules differ from the GS1b isoforms in sen-
sitivity to reversible inhibition of enzymatic activity by disulﬁde
oxidation. The potential signiﬁcance of this observation with
respect to posttranslational regulation of GS in nodules is
discussed.
2. Materials and methods
2.1. Molecular cloning techniques
Total RNA from soybean nodules was prepared by using plant
RNA reagent (Invitrogen) and cDNA was synthesized with a
Superscript II reverse transcription kit (Invitrogen) according to
manufacturer’s instructions. cDNAs containing the open reading
frames of soybean cytosolic GS1b1 and GS1c1 isoforms were
ampliﬁed using gene speciﬁc primers and were cloned into the
pCR2.1-TOPO (Invitrogen) vector. These cDNAs were sub-cloned
into the NheI and NotI restriction sites of the pET28a expression
vector (Novagen) in frame with an amino terminal his-tag linker.
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method of Sambrook and Russell [6]. Oligonucleotides used for
molecular cloning and site-directed mutagenesis are listed in
Supplementary Table S1. Analysis and veriﬁcation of DNA
sequences was done by automated sequencing using a Perkin-
Elmer Applied Biosystems 373 DNA sequencer at the University
of Tennessee Molecular Biology Resource Facility, Knoxville, TN.
2.2. GS puriﬁcation and activity analyses
Expression and puriﬁcation of recombinant GS1 was performed
as described previously [7]. GS activity was assayed by the deter-
mination of the release of inorganic phosphate as described by
Gawronski and Benson [8] in standard activity conditions consist-
ing of 100 mM MOPS-NaOH, 50 mM sodium glutamate, 50 mM
MgCl2, 10 mM ATP, 50 mMNH4Cl, pH 7.5 at 37 C for 5 min. Kinetic
studies were performed under by varying the concentrations of
each of the three substrates independently while the concentration
of other two substrates was kept at the standard concentrations
described above. The data were ﬁt to the Michaelis–Menten equa-
tion assuming pseudo ﬁrst order conditions.
To determine the effect of reducing and oxidizing reagents on
activity, puriﬁed GS1 isoforms were incubated with reducing agent
(25 mM b-mercaptoethanol [bME] or 4 mM dithiothreitol [DTT]) or
oxidizing agent (3 mMH2O2) in DB buffer (20 mM Tris–HCl, pH 7.5,
300 mM NaCl, 10% [v/v] glycerol) for 30 min on ice. With respect to
treatment with reducing agent, identical results were obtained
regardless of whether bME or DTT were used. To determine the
reversibility of thiol-based oxidation/reduction, DTT-reduced
GS1c1 was incubated with 40 mM oxidized glutathione (GSSG)
for 30 min prior to activity analysis. Air oxidation of GS1 was done
by dialysis of samples in DB buffer in the absence of reducing agent
at 4 C for 16 h.
2.3. Analytical ultracentrifugation (AUC)
AUC experiments were performed with an Optima XL-I
Beckman Coulter analytical ultracentrifuge equipped with an
AN50Ti rotor. For sedimentation velocity experiments, 0.5 mg/ml
protein samples in 20 mM Tris–HCl, pH 7.5, 20 mM imidazole,
10% [v/v] glycerol, 300 mM NaCl were centrifuged at 30000 rpm
at 22 C and absorbance optics were measured at 280 nm. Two
hundred scans were recorded in 1 min intervals and data were
analyzed using the continuous c(M) distribution model described












L(M,r,t) denotes the sedimentation proﬁle of a monodisperse
species of size M at radius r and time t. a(r, t) denotes the experi-
mentally observed signal. The analysis covered a molecular weight
range of 0–2000kDa with a resolution of 100 and a conﬁdence level
(F-ratio) of 0.95. The best ﬁt was assumed when Z values below 40
and rmsd values below 0.01 absorbance units were obtained. The
buffer density, viscosity, and partial speciﬁc volume were deter-
mined using the program SEDNTERP (http://sednterp.unh.edu/).
Sedimentation equilibrium experiments were performed using
different concentrations of GS1 protein (0.68 mg/ml, 0.34 mg/ml
and 0.23 mg/ml in 20 mM Tris–HCl, pH 7.5, 300 mM NaCl) at
10 C at 3800, 6000 and 7500 rpm. Absorbance optics was collected
at 6 h intervals by averaging 20 scans at 282 nm until equilibrium
was achieved (between 30 and 48 h). Molecular weights of each
isoformwere calculated by global analysis using the SEDPHAT soft-
ware (http://www.AnalyticalUltracentrifugation.com) with thebest ﬁt of the data done by using the discrete species model [11].
A good ﬁt was obtained using the discrete species model in SED-
PHAT with rmsd values below 0.007 and chi-squared values near 1.
2.4. Homology modeling
Homology models for soybean GS1 were prepared by using the
molecular operating environment (MOE) software package (MOE
2008.10; Chemical Computing Group Inc) by the general approach
described in [12]. The atomic structure of maize glutamine synthe-
tase GS1a (pdb 2d3a) was used as a structural template [13]. Ten
models were generated using the AMBER99 force ﬁeld with med-
ium model reﬁnement. The quality of the models was checked
for disallowed /, w angles using the Ramchandran plot function
in the MOE software. The model chosen showed a backbone
rmsd < 1 Å with the GS structural template, and showed a single
residue (Asp137, a solvent exposed residue in a non-essential loop
region distal to the active site) with a disallowed angle.
2.5. Other analytical methods
Q-PCR was performed by the comparative threshold cycle (Ct)
method as previously described [14]. The GmCRK gene was used
as an internal reference for standardization as described in [15].
All the primers used for Q-PCR analysis are shown in Supplemen-
tary Table S1.
GS1 proteins (5 lg) were analyzed using reducing and non-
reducing SDS–PAGE to determine the effect of oxidation by using
the buffer system of Laemmli [16] under reducing (100 mM DTT)
or non-reducing (no DTT) conditions. For native PAGE analysis,
protein samples (5 lg) in 25% [v/v] glycerol, 0.25 M Tris–HCl, pH
6.8, 0.015% [w/v] bromophenol blue were resolved on 6% [w/v]
polyacrylamide gels. Electrophoresis was performed with 50 mM
Tris–HCl, pH 8.9, 70 mM glycine as the cathode buffer and
100 mM Tris–HCl, pH 7.8 as the anode buffer at a constant current
of 25 mA at 4 C. The presence or absence of reducing agent (DTT)
did not affect the electrophoretic mobility proﬁle of GS1 proteins
on native gels.
The concentration of free cysteine residues in oxidized and
reduced GS1c1 was determined by using Ellman’s reagent [17].
The number of free cysteine residues per monomer was calculated
from the protein concentration using the monomeric subunit
molecular weight of recombinant GS1c1 (41.63kDa). Protein con-
centrations were determined by the Bradford assay [18].3. Results
3.1. Comparison of the expression and enzymatic properties of soybean
nodule GS1b and GS1c isoforms
In mature soybean nodules, two representatives each of the b
(GS1b1, GS1b2) and c (GS1c1, and GS1c2) isoform subclasses of
GS1 are expressed (Table 1). Q-PCR analysis shows that GS1b iso-
forms are the predominant transcript present (86%) while the
GS1c isoforms represent a nodule-speciﬁc component which is a
smaller fraction of the total nodule GS1 transcript pool (14%),
(Table 1). To investigate the comparative enzymatic and functional
properties of b and c isoform subclasses, recombinant GS1b1 and
GS1c1 were expressed and puriﬁed from Escherichia coli.
It has been previously observed from the investigation of
Arabidopsis cytosolic glutamine synthetases that minor differences
in amino acid sequence can cause large changes (>250-fold) in the
Km for the critical substrate ammonia [19]. Comparison of the kcat
and the Km for ammonia, glutamate and ATP showed that unlike
their Arabidopsis counterparts, the soybean nodule GS1 isoforms
Table 1
Comparison of the properties of GS1b and GS1c isoforms.
GS isoform Q-PCR expressiona Enzyme kinetic parametersb Mol wtc (kDa)
Km glu (mM) Km ATP (mM) Km NH4+ (mM) kcat sec1
GS1b1 4480 (190) 5.2 (0.64) 0.28 (0.05) 0.21 (0.03) 2.6 (0.14) 499.28
GS1b2 1470 (122) – – – – –
GS1c1 620 (71) 12.4 (0.89) 0.21 (0.02) 0.90 (0.08) 2.2 (0.12) 409.55
GS1c2 317 (5.9) – – – – –
a The relative expression (2DCt) of GS1 transcripts in 26 day old nitrogen ﬁxing soybean nodules. All values represent the mean (n = 3 biological replicates) with the S.D.
shown parenthetically.
b Km values were determined by ﬁtting kinetic data to the Michaelis–Menten equation under pseudo ﬁrst order conditions for each of the test substrates. The kcat was
calculated from Vmax assuming one active site per GS monomer using a molecular weight of 41.41kDa for GS1b1 and 41.63kDa for GS1c1 based on amino acid sequence. All
values represent the mean (n = 3) with the S.D. shown parenthetically.
c The native molecular weights in kDa based on calculations from ﬁts to AUC sedimentation equilibrium data.
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consistently observed that puriﬁed GS1c1 showed a tendency to
lose activity at 4, whereas there was no difference in the activity
of GS1b1 treated in the same fashion (Fig. 1A). Upon subsequent
analysis by non-reducing SDS–PAGE, the loss of activity is accom-
panied by a transition of GS1c1 to a higher apparent molecular
weight suggesting possible oligomerization (Fig. 1B). In contrast,
upon analysis by non-reducing SDS–PAGE, GS1b1 shows a major
band at 40000 daltons that corresponds to the expected mono-
meric subunit size of the enzyme. Inactive GS1c1 recovered full
activity upon incubation with DTT (Figs. 1A and 2A), and it was
hypothesized that the GS1c1 loss of activity and oligomerization
might be the result of selective air oxidation during extended incu-
bation at 4.
3.2. Disulﬁde bond formation leads to inactivation of GS1c1
To investigate whether GS1b1 and GS1c1 have different suscep-
tibility to oxidizing and reducing agents, freshly puriﬁed active
samples of each were incubated either with reducing agent (bME
or DTT) or with H2O2 as an oxidizing agent (Fig. 1C). Treatment
of GS1c1 with H2O2 which results in 90% loss of GS1c1 activity
whereas loss of GS1b1 activity was more modest (20%) (Fig. 1C).
To determine whether cysteine disulﬁde formation is involved
in the selective inhibition of GS1c1, the effects of sequential treat-
ments with DTT and oxidized glutathione (GSSG), were assessed.
Treatment of air oxidized GS1c1 with DTT results in restoration
of full activity. Subsequent incubation of reactivated GS1c1 with
GSSG leads to inactivation of the enzyme, suggesting that the loss
of activity was the result of reversible disulﬁde bond formation
(Fig. 2A).
Based on the deduced amino acid sequence, each subunit of
GS1c1 has three cysteine residues at positions 92, 159 and 179
(Supplementary Fig. S1). Consistent with this observation, analysis
of the free cysteine content of reduced GS1c1 by using Ellman’s
reagent showed an average of 2.9 free cysteine residues per mono-
mer. Upon oxidation and inactivation of GS1c1, Ellman’s analysis
showed a reduction to an average of 1.4 per monomer, suggesting
the formation of disulﬁde bonds (Fig. 2B). Taken together the
results suggest that the GS1c1 undergoes inactivation by reversible
disulﬁde bond formation.
Based on non-reducing SDS–PAGE (Fig. 1B), it appears as if oxi-
dation results in covalently linked oligomers, likely by intersub-
unit disulﬁde bond formation. X-ray crystal structure analysis of
representative plant GS1 enzymes [13,20,21] show that the holo-
enzyme forms a homodecameric structure consisting of two
stacked pentameric rings (Fig. 3). A shared active site is formed
between the N-terminal domain of one subunit and the C-termi-
nal domain of the adjacent subunit (Fig. 3). To investigate the
potential for cross subunit disulﬁde bond formation which maylead to oligomerization and inactivation of the enzyme, the
position of the three cysteine residues was investigated in a
homology model of soybean GS1c1 (Fig. 3). The model showed
the proximity of two residues, cys92 from one monomer and
cys159 from an adjacent monomer present at the subunit inter-
face forming the shared active site (Fig. 3B). Formation of an
intersubunit disulﬁde bond between these residues would span
and potentially block the active site, which could explain the
observed inhibition of the enzyme in response to oxidation.
The possibility that oligomerization was the result of an inter-
subunit disulﬁde between cys92 and cys159, was investigated by
site-directed mutagenesis in which each cysteine residue was
replaced by serine. Of the two cys-to-ser mutants, only GS1-
c1C159S produced an active oligomeric protein (Supplementary
Fig. S2). After exposure to oxidizing conditions (air oxidation or
H2O2 incubation), puriﬁed GS1c1C159S and GS1c1 were analyzed
by non-reducing SDS–PAGE to determine the effect of oxidation
on oligomerization. In contrast to wild type GS1c1, high molecular
weight oligomeric species were not observed in the GS1c1C159S
mutant under oxidizing conditions (Fig. 3D). Overall, based on
these results, it is proposed that cys159 is involved in oligomeriza-
tion of GS1c1 monomers through disulﬁde bond formation. Based
on molecular modeling, this is likely through the formation of an
intersubunit disulﬁde pair with cys92.
3.3. GS1c1 and GS1b1 form distinct oligomeric structures
Comparison of the amino acid sequences of GS1b1 and GS1c1
isoforms shows high amino acid sequence identity (>80%), includ-
ing the conservation of the three cysteine residues and subunit
molecular weights (Supplementary Fig. S1). Homology models of
both isoforms were created using the maize GS1a structure as tem-
plate using MOE. Homology models showed that both GS1b1 and
GS1c1 isoforms have inter-subunit cys159 and cys92 residues at
comparable distances (11–12 Å). Given this observation and the
high degree of sequence similarity between the two isoforms it is
not clear why one isoform would be more susceptible to disulﬁde
oxidation.
Comparison of the two GS1 isoforms by native PAGE showed
differences in electrophoretic mobility. GS1c1 has a single band
with a reduced electrophoretic mobility compared to the major
band in GS1b1 (Fig. 4A). A minor species of GS1b1 with a similar
electrophoretic mobility as GS1c1 was also observed, suggesting
the presence of a small amount of a second oligomeric species with
similar properties to the c isoform. Nevertheless, the results show
fundamental differences in the physicochemical properties of the
two isoforms.
Given the similarity of the monomeric molecular weight and
amino acid compositions of the two isoforms, this distinct electro-
phoretic mobility may be the result of differences in holoenzyme
Fig. 1. Differential sensitivity of GS1 b and c isoforms to oxidation: (A) GS activity of puriﬁed recombinant GS1b1 and GS1c1 isoforms was determined after incubation at 4 C
for 16 h (dark bars). The open bars show the activity of the same preparation after additional incubation for 30 min on ice in the presence of 0.1 mM DTT. Error bars show
S.E.M. (n = 3). (B) Recombinant GS1b1 and GS1c1 were incubated at 4 C for 16 h and were separated by SDS–PAGE on 12.5% (w/v) polyacrylamide gels under reducing (lane 1)
or non-reducing conditions (lane 2). Coomassie blue-stained gels are shown with the electrophoretic positions of molecular weight markers indicated. (C) Immediately after
puriﬁcation, recombinant GS1b1 and GS1c1 isoforms were treated with a reducing agent (25 mM b-mercaptoethanol) or an oxidizing agent (3 mM H2O2) for 30 min before
determination of activity. GS activity is standardized with the activity in the presence of b-ME set as 100%. Error bars represent S.E.M. (n = 3) (⁄⁄ indicates P < 0.01).
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GS1b and GS1c isoforms. This was further tested by using sedimen-
tation velocity analytical ultracentrifugation (AUC) of puriﬁed
preparations of each isoform, followed by molecular weight deter-
mination using the c(M) distribution model in SEDFIT (Fig. 4B). The
molecular weight distribution shows that there is a difference in
the calculated molecular weight of each isoform with GS1c1
(492kDa) exhibiting a higher molecular weight compared toGS1b1 (405kDa). To elucidate the native molecular weight and sub-
unit composition of each GS1 isoform more precisely, equilibrium
AUC was performed (Supplementary Fig. S3 and Table 1). The
molecular weight calculated from equilibrium AUC for GS1c1 is
499.28kDa whereas GS1b1 is 409.55kDa (Table 1), supporting the
results of velocity AUC. Considering the monomeric molecular
weight of both isoforms, the 499.28kDa GS1c1 would represent
an oligomer of 12 subunits, which is distinct from the 409.55kDa
Fig. 2. Formation of reversible disulﬁde bonds in GS1c1: (A) air oxidized GS1c1 was
treated with 4 mM DTT for 30 min on ice. A portion of DTT-incubated GS1c1 sample
was further treated with a disulﬁde bond-promoting agent GSSG (oxidized
glutathione) to determine the reversibility of oxidative inhibition of GS1c1. Column
1, activity of air-oxidized GS1c1; column 2, activity of air oxidized GS1c1 following
incubation with 4 mM DTT; and column 3, activity of reduced GS1c1 after
reoxidation in 40 mM GSSG. Error bars represent S.E.M. (n = 4). (B) The concentra-
tion of free cysteine residues in air-oxidized and DTT-reduced GS1c1 was
determined by using Ellman’s assay. The concentration of free cysteine residues is
expressed as nmol of cysteine/nmol of GS1 monomer. Error bars represent S.E.M.
(n = 3).
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maize GS1a enzyme [13]. It is proposed that this dodecameric
arrangement of the GS1c1 may be responsible for its greater sensi-
tivity to disulﬁde bond formation, perhaps by decreasing the
distance between adjacent cysteine residues at the monomer–
monomer interface.
4. Discussion
GS is a major ammonia assimilatory enzyme present in the
plants. In root nodules, GS1 constitutes 2% of the total protein con-
tent. Soybean nodules express two types of GS1 isoforms, GS1b (b1
and b2) and GS1c (c1 and c2). GS1b isoforms are regulated at the
metabolic level while the GS1c isoforms are developmentally reg-
ulated [4]. Given its central role in nitrogen metabolism, glutamine
synthetase expression and activity is subject to regulation at the
transcriptional level, as well as at the posttranslational level. The
results of the present work support a potential role of reversible
disulﬁde bond formation as an additional level of isoform-speciﬁc
regulation of soybean nodule glutamine synthetases.Thiol-based regulation by the reversible formation of disulﬁde
bonds or other cysteine-based modiﬁcations is a common mecha-
nism of enzyme regulation in response to changes in the cellular
redox status or other environmental inputs [22,23]. Reversible
disulﬁde bond formation in target enzymes in vivo typically is reg-
ulated by a redox network involving disulﬁde exchange reactions
catalyzed by thioredoxin and glutaredoxin proteins [22]. Potential
regulation of the plastidic isoform of GS (GS2) by this mechanism
was indicated by the detection of chloroplast spinach GS2 as a thio-
redoxin-interacting protein [24]. Consistent with this observation,
plastidic GS2 isoforms from Canavalia lineata [25] and Lotus
japonicus [26] are sensitive to reversible oxidative inhibition, with
the formation of an intramolecular disulﬁde bond between two cys-
teine residues unique to the GS2 subfamily proposed to be involved
[25]. From these collective observations, it was suggested that
chloroplast GS2, which is involved in ammonia reassimilation from
photorespiration, may be subject to light dependent redox regula-
tion through the thioredoxin/ferredoxin pathway [26].
Previous work has suggested that cytosolic GS1 enzymes are
less susceptible to thiol regulation compared to their plastidic
GS2 counterparts [25]. In the present study, it is shown that sensi-
tivity to oxidation varies among soybean nodule GS1 isoforms with
nodulin-speciﬁc GS1c showing an enhanced sensitivity compared
to the more prevalent and widespread GS1b enzymes. Unlike the
GS2 enzyme which forms an intramolecular disulﬁde between
C-terminal cysteine residues that are unique to this GS subclass,
the present study suggests that the formation of disulﬁde linkages
in GS1c are between cysteine 92 and cysteine 159 at the subunit–
subunit interface that forms the shared active site of the enzyme.
While the structural basis for the increased sensitivity of GS1c
remains to be determined, it may be related to the tendency of this
isoform to form a unique oligomeric arrangement compared to
other GS1 enzymes. Based on the elucidation of the structure of
GS1 from maize [13] and Medicago truncatula [21], a decameric
structure was determined consisting of two stacked pentamer sub-
unit rings. AUC data from the present study supports this subunit
stoichiometry for soybean GS1b1, but both sedimentation velocity
and sedimentation equilibrium data predict a dodecameric struc-
ture for GS1c. This arrangement would make this isoform similar
to prokaryotic GS structures which are dodecameric, consisting of
two stacked hexameric rings of subunits [27]. In both decameric
and dodecameric structures, the active site would be proposed to
form at the subunit–unit interface. In decameric homology models
of soybean GS1 in the present work, the proposed intersubunit dis-
tance between cys92 and cys159 is between 11 and 12 Å. The abil-
ity of GS1c1 to assume a dodecameric structure, presumably
forming two stacked hexameric rings, may position these cysteine
pairs in closer proximity or in a conformation that increases their
susceptibility to oxidation. As an additional note underscoring
the differences and disposition of cysteine residues among differ-
ent isoforms of GS, previous work with the GS1a isoform from
Phaseolus vulgaris showed that site speciﬁc substitution of cys159
results in loss of activity and dissociation of the oligomeric protein
[28] while the same substitution in GS1c does not exhibit this
effect.
Within the microaerobic environment of nitrogen ﬁxation zone
of nodules, redox changes and thiol-based redox signaling are crit-
ical components associated with the establishment and mainte-
nance in the legume–rhizobium symbioses as well as in the
regulation of metabolic targets in response to abiotic stress [23].
Among the nodule metabolic targets proposed to be regulated by
reversible disulﬁde bond formation are soybean nodule uricase
[29] and pea nodule sucrose synthase [30]. What metabolic func-
tions might be regulated by reversible disulﬁde bond formation in
soybean GS1c1? A possible clue comes from the work of Melo
et al. [31] who have investigated a separate oxidative reaction,
Fig. 3. Cross subunit disulﬁde bond formation of GS1c1: homology model of GS1c1 generated by using maize GS1a (PDB ID: 2D3A_A) as a template. The holoenzyme model of
GS1c1 is shown from a side view (A) showing the two stacked pentameric rings and from a top view (B) showing the arrangement of GS monomers in a single pentameric ring.
The active site formed at the subunit interfaces is shown in (C) with cys92 and cys159 residues highlighted on opposing monomers. (D) Recombinant GS1c1 WT (lane 1) and
GS1c1C159S (lane 2) separated on non-reducing SDS–PAGE gels under reducing (+DTT) and oxidizing (+H2O2) conditions.
Fig. 4. Native PAGE and velocity sedimentation comparison of GS1b1 and GS1c1: (A) GS1b1 and GS1c1 proteins were separated by native PAGE on 6% (w/v) polyacrylamide
gels and were stained with Coomassie blue. Each lane is labeled with the respective GS sample. (B) GS1 protein samples were analyzed by sedimentation velocity AUC at
30000 rpm. Two hundred scans at 280 nm were taken at 1 min intervals and were analyzed by SEDFIT using the c(M) distribution model.
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M. truncatula nodules. Reactive oxygen and reactive nitrogen spe-
cies (RONS) accumulate in nodules in response to stress, and the
oxidation and nitration ofMedicagoGS1a, which results in its inhibi-
tion, is proposed to be part of an inhibitory response of nitrogen ﬁx-
ation and assimilation. This in turn is proposed to divert glutamate
away from GS-catalyzed assimilation of ammonia and towards thebiosynthesis of glutathione as a redox regulator and detoxiﬁer of
RONS [31,32]. A similar role can be proposed for soybean GS1c1,
in which its differential regulation by reversible disulﬁde bond for-
mation in response to changing redox status within the nodule in
response to environmental stress conditions could be part of a coor-
dinated response in the regulation of nitrogen ﬁxation and redox
metabolism.
P.D. Masalkar, D.M. Roberts / FEBS Letters 589 (2015) 215–221 221Acknowledgement
This work was supported in part by National Science
Foundation grant IOS-1121465.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.febslet.2014.11.
048.
References
[1] Bernard, S.M. and Habash, D.Z. (2009) The importance of cytosolic glutamine
synthetase in nitrogen assimilation and recycling. New Phytol. 182, 608–620.
[2] Betti, M., Garcia-Calderon, M., Perez-Delgado, C.M., Credali, A., Estivill, G.,
Galvan, F., Vega, J.M. and Marquez, A.J. (2012) Glutamine synthetase in
legumes: recent advances in enzyme structure and functional genomics. Int. J.
Mol. Sci. 13, 7994–8024.
[3] Cullimore, J.V., Gebhardt, C., Saarelainen, R., Miﬂin, B.J., Idler, K.B. and Barker,
R.F. (1984) Glutamine synthetase of Phaseolus vulgaris L.: organ-speciﬁc
expression of a multigene family. J. Mol. Appl. Genet. 2, 589–599.
[4] Morey, K.J., Ortega, J.L. and Sengupta-Gopalan, C. (2002) Cytosolic glutamine
synthetase in soybean is encoded by a multigene family, and the members are
regulated in an organ-speciﬁc and developmental manner. Plant Physiol. 128,
182–193.
[5] Temple, S.J., Kunjibettu, S., Roche, D. and Sengupta-Gopalan, C. (1996) Total
glutamine synthetase activity during soybean nodule development is
controlled at the level of transcription and holoprotein turnover. Plant
Physiol. 112, 1723–1733.
[6] Sambrook, J. and Russell, D.W. (2001) In vitro mutagenesis using double-
stranded DNA templates: selection of mutants with DpnIMolecular Cloning: A
Laboratory Manual, pp. 13.19–13.25, Cold Spring Harbor Lab Press, Cold Spring
Harbor, NY.
[7] Masalkar, P., Wallace, I.S., Hwang, J.H. and Roberts, D.M. (2010) Interaction of
cytosolic glutamine synthetase of soybean root nodules with the C-terminal
domain of the symbiosome membrane nodulin 26 aquaglyceroporin. J. Biol.
Chem. 285, 23880–23888.
[8] Gawronski, J.D. and Benson, D.R. (2004) Microtiter assay for glutamine
synthetase biosynthetic activity using inorganic phosphate detection. Anal.
Biochem. 327, 114–118.
[9] Schuck, P. (2000) Size-distribution analysis of macromolecules by
sedimentation velocity ultracentrifugation and Lamm equation modeling.
Biophys. J. 78, 1606–1619.
[10] Dam, J. and Schuck, P. (2004) Calculating sedimentation coefﬁcient
distributions by direct modeling of sedimentation velocity concentration
proﬁles. Methods Enzymol. 384, 185–212.
[11] Vistica, J., Dam, J., Balbo, A., Yikilmaz, E., Mariuzza, R.A., Rouault, T.A. and
Schuck, P. (2004) Sedimentation equilibrium analysis of protein interactions
with global implicit mass conservation constraints and systematic noise
decomposition. Anal. Biochem. 326, 234–256.
[12] Wallace, I.S. and Roberts, D.M. (2004) Homology modeling of representative
subfamilies of arabidopsis major intrinsic proteins. Classiﬁcation based on the
aromatic/arginine selectivity ﬁlter. Plant Physiol. 135, 1059–1068.
[13] Unno, H. et al. (2006) Atomic structure of plant glutamine synthetase: a key
enzyme for plant productivity. J. Biol. Chem. 281, 29287–29296.[14] Choi, W.G. and Roberts, D.M. (2007) Arabidopsis NIP2;1, a major intrinsic
protein transporter of lactic acid induced by anoxic stress. J. Biol. Chem. 282,
24209–24218.
[15] Libault, M., Thibivilliers, S., Bilgin, D.D., Radwan, O., Benitez, M., Clough, S.J.
and Stacey, G. (2008) Identiﬁcation of four soybean reference genes for gene
expression normalization. Plant Genome 1, 44–54.
[16] Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227, 680–685.
[17] Sedlak, J. and Lindsay, R.H. (1968) Estimation of total, protein-bound, and
nonprotein sulfhydryl groups in tissue with Ellman’s reagent. Anal. Biochem.
25, 192–205.
[18] Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein–dye binding.
Anal. Biochem. 72, 248–254.
[19] Ishiyama, K., Inoue, E., Watanabe-Takahashi, A., Obara, M., Yamaya, T. and
Takahashi, H. (2004) Kinetic properties and ammonium-dependent regulation
of cytosolic isoenzymes of glutamine synthetase in Arabidopsis. J. Biol. Chem.
279, 16598–16605.
[20] Seabra, A.R., Carvalho, H. and Pereira, P.J.B. (2009) Crystallization and
preliminary crystallographic characterization of glutamine synthetase from
Medicago truncatula. Acta Crystallogr. F Struct. Biol. Commun. 65, 1309–1312.
[21] Torreira, E. et al. (2014) The structures of cytosolic and plastid-located
glutamine synthetases from Medicago truncatula reveal a common and
dynamic architecture. Acta Crystallogr. D Biol. Crystallogr. 70, 981–993.
[22] Meyer, Y., Buchanan, B.B., Vignols, F. and Reichheld, J.P. (2009) Thioredoxins
and glutaredoxins: unifying elements in redox biology. Annu. Rev. Genet. 43,
335–367.
[23] Frendo, P., Matamoros, M.A., Alloing, G. and Becana, M. (2013) Thiol-based
redox signaling in the nitrogen-ﬁxing symbiosis. Front. Plant Sci. 4, 376.
[24] Motohashi, K., Kondoh, A., Stumpp, M.T. and Hisabori, T. (2001)
Comprehensive survey of proteins targeted by chloroplast thioredoxin. Proc.
Natl. Acad. Sci. U.S.A. 98, 11224–11229.
[25] Choi, Y.A., Kim, S.G. and Kwon, Y.M. (1999) The plastidic glutamine synthetase
activity is directly modulated by means of redox change at two unique
cysteine residues. Plant Sci. 149, 175–182.
[26] Betti, M., Arcondeguy, T. and Marquez, A.J. (2006) Molecular analysis of two
mutants from Lotus japonicus deﬁcient in plastidic glutamine synthetase:
functional properties of puriﬁed GLN2 enzymes. Planta 224, 1068–1079.
[27] Almassy, R.J., Janson, C.A., Hamlin, R., Xuong, N.H. and Eisenberg, D. (1986)
Novel subunit subunit interactions in the structure of glutamine-synthetase.
Nature 323, 304–309.
[28] Estivill, G., Guardado, P., Buser, R., Betti, M. and Marquez, A.J. (2010)
Identiﬁcation of an essential cysteinyl residue for the structure of glutamine
synthetase alpha from Phaseolus vulgaris. Planta 231, 1101–1111.
[29] Du, H., Kim, S., Nam, K.H., Lee, M.S., Son, O., Lee, S.H. and Cheon, C.I. (2010)
Identiﬁcation of uricase as a potential target of plant thioredoxin: implication
in the regulation of nodule development. Biochem. Biophys. Res. Commun.
397, 22–26.
[30] Marino, D., Hohnjec, N., Kuster, H., Moran, J.F., Gonzalez, E.M. and Arrese-Igor,
C. (2008) Evidence for transcriptional and post-translational regulation of
sucrose synthase in pea nodules by the cellular redox state. Mol. Plant Microbe
Interact. 21, 622–630.
[31] Melo, P.M., Silva, L.S., Ribeiro, I., Seabra, A.R. and Carvalho, H.G. (2011)
Glutamine synthetase is a molecular target of nitric oxide in root nodules of
Medicago truncatula and is regulated by tyrosine nitration. Plant Physiol. 157,
1505–1517.
[32] Silva, L. and Carvalho, H. (2013) Possible role of glutamine synthetase in the
NO signaling response in root nodules by contributing to the antioxidant
defenses. Front. Plant Sci. 4, 372.
